Introduction
Numerical models have emerged as a fundamental tool for studying a wide variety of geochemical processes. Modeling nutrient and oxygen cycles in surface water is particularly important for understanding both modern and ancient aquatic environments. Examples include lakes and reservoirs [Gachter and Imboden, 1985; Jewell, 1992] , estuaries [Kremer and Nixon, 1978; Cero and Cole, 1992] , marine continental shelves [Walsh, 1975; Walsh et al., 1988; Hofmann, 1988] , ocean basins [Wroblewski et al., 1988; Sarmiento et al., 1993] , the modern world ocean [Najjar et al., 1992] , and the world ocean in the geologic past [Shaffer, 1989] .
Two difficulties are inherent in the design and application of these models. One is the necessary complexity of a model which attempts to simulate the myriad biogeochemical processes and components observed in nature. Developers of even the most complex models acknowledge that they fall short of capturing the multitudinous processes of an aquatic ecosystem [e.g., Fasham et al., 1990] . A second feature of existing biogeochemical surface water models is the relatively restricted scope of their applications. For instance, models of open ocean ecosystems are rarely applied to estuaries, while those developed for lakes have not been tested against data from the marine mixed layer.
This paper is the second in a series aimed at developing simple biogeochemical surface water models which are applicable in a wide variety of surface water aquatic settings. The 
Model Description
The majority of previously developed biogeochemical models employ seven or more components coupled by rate constants and a variety of parameters which must be determined empirically from field or laboratory studies [e.g., Hofmann The two open ocean settings (Bermuda Station "S" and Ocean Weather Station "India") were chosen for model validation on the basis of their excellent biogeochemical databases and extensive exposition in a previous, ocean general circulation-ecosystem model study . Both the Bermuda and the India stations are in the open ocean over water deeper than that considered appropriate for this model (<1000 m) [Jewell, this issue] . For these simulations the model domain only encompassed the maximum depth of the seasonal thermocline [Levims, 1982] (Table  1) . In this way, the physics of the biologically active portion of the water column, the seasonal character of the spring bloom, and the subsequent biogeochemical evolution of the mixed layer could be examined without the necessity of modeling the entire water column.
Coastal marine settings represent a potentially complicated setting for model validation. Freshwater input from rivers can cause density stratification which is difficult to reproduce with a one-dimensional model. Furthermore, the temperature and biogeochemistry of coastal settings can be strongly influenced by exchange with the open ocean. The New York Bight was chosen for model validation on the basis of its excellent databases collected over a number of years [Walsh, 1981 [Walsh, , 1988 Wind was modeled as a diurnally varying sine wave. Maximum wind strength was varied until the depth of the thermocline in the model simulations was close to the observed thermocline depth. Alternating the direction of the wind over a period of 1 day provides time-varying kinetic energy input to the aquatic domain in a fashion similar to that of natural settings, although the diurnal frequency is obviously not the same as wind variations in natural settings. While determining wind strength and variability in this fashion is very idealized, it should be emphasized that the purpose of this study was to study the biogeochemistry rather than the physics of these four domains.
The physical model used in this study is based on the second- The numerical models of open ocean, coastal ocean, and lacustrine settings described above can be roughly compared by examining vertically integrated biological productivity averaged over long time periods. Reported productivity from Bermuda Station "S" is significantly higher than that produced by the model (Table 2) . This discrepancy appears to be a result of underpredicted model productivity very early and late in the year (Figure 6 ). On the other hand, the predicted productivity (Table 2 ). However, this may be in part fortuitous, since there are relatively few field measurements during the late season at this locality, and it is during this period that the model predicts surface productivity to be almost nonexistent (Figure 11 ). Calculated and measured integrated productivities for the New York Bight and South Bluehill Pond are in reasonable agreement (Table 2) . Unfortunately, time series productivity data for both of these localities have not been published, and so it is difficult to discuss details of the data and model output.
Model Strengths and Deficiencies
Simulation of the four settings described above reveals a number of model strengths and deficiencies which can be discussed within the context of other biogeochemical models as well as future, three-dimensional simulations with this model. (Figures 2, 7, 12, and 16) . Most of the discrepancies between model output and the data are artifacts of three-dimensional features (e.g., internal waves, horizontal advection) found in nature, but which cannot be repro- 5. The correspondence between biogeochemical data and model output for the lacustrine setting is poorer than that of the three marine settings. There are two possible reasons for the discrepancy. As pointed out above, the light regime in terrestrial settings can be very complex, and time-invariant representation of light attenuation in this model may not adequate. As discussed by Jewell [this issue], the three empirical constants in the model which deal with light (light attenuation coefficient, initial slope of the light-productivity curve, and photosynthetically active radiation) show the greatest sensitivity to integrated productivity calculated by the model. Clearly, determining the light regime for a specific lacustrine setting is one of the most critical aspects of any further application of biogeochemical models such as the one described here, and it should be a primary concern prior to modeling specific lacustrine domains.
Reproduction of the seasonal thermal features of all domains is reasonably good
6. Perhaps the greatest strength of the three-component model is that realistic simulations of a variety of biogeochemical features can be attained with minimal computing resources. Individual, 3-year simulations reported above took only 7 min of CPU time on a Sun Sparc 4/330 workstation. Threedimensional simulations would, of course, be much more computationally intensive. Nevertheless, the simple biogeochemical model employed in this study holds considerable promise for conducting real-time, three-dimensional water quality simulations in a desktop environment.
The simple, three-component biogeochemical model described above is currently being integrated with the three- [Jewell, 1992 [Jewell, , 1993 ] and the effect of Ekman transport and bathymetry on oxygen and nutrient concentrations in coastal upwelling zones from a variety of geologic time periods [Jewell, 1994a, b] .
